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a  b  s  t  r  a  c  t
The  primary  pathways  for DNA  double  strand  break  (DSB)  repair  are  homologous  recombination  (HR)  and
non-homologous  end–joining  (NHEJ).  The  choice  between  HR and  NHEJ  is influenced  by  the  extent  of DNA
end resection,  as extensive  resection  is required  for  HR  but  repressive  to NHEJ.  Conversely,  association
of  the  DNA  end-binding  protein  Ku,  which  is  integral  to  classical  NHEJ,  inhibits  resection.  In absence  of
key  NHEJ  components,  a third  repair  pathway  is  exposed;  this  alternative-end  joining  (A-EJ)  is  a highly
error-prone  process  that uses  micro-homologies  at the breakpoints  and  is initiated  by DNA  end  resection.
In Saccharomyces  cerevisiae,  the high  mobility  group  protein  Hmo1p  has  been  implicated  in  controlling
DNA  end  resection,  suggesting  its potential  role  in  repair  pathway  choice.  Using  a plasmid  end-joining
assay,  we  show  here  that  absence  of  Hmo1p  results  in reduced  repair  efficiency  and  accuracy,  indicating
that  Hmo1p  promotes  end-joining;  this  effect  is only  observed  on DNA  with  protruding  ends.  Notably,
inhibition  of DNA  end  resection  in  an  hmo1  strain  restores  repair efficiency  to  the  levels  observed  in
wild-type  cells.  In absence  of  Ku,  HMO1  deletion  also  reduces  repair  efficiency  further,  while  inhibition
of  resection  restores  repair  efficiency  to  the levels  observed  in  ku.  We  suggest  that  Hmo1p  functions
to  control  DNA  end resection,  thereby  preventing  error-prone  A-EJ  repair  and  directing  repairs  towards
classical  NHEJ.  The  very  low  efficiency  of  DSB  repair  in  kuhmo1  cells further  suggests  that  excessive
DNA  resection  is  inhibitory  for A-EJ.
© 2017  Elsevier  B.V.  All  rights  reserved.
1. Introduction
DNA double strand breaks (DSBs) are cytotoxic lesions that may
be caused either by exogenous factors such as ionizing radiation
or as a result of metabolic processes, including DNA replication.
Persistent DSBs threaten genomic integrity and may  induce chro-
mosomal rearrangements and lead to cell death or tumorigenesis.
By contrast, programmed DSBs, such as those involved in meiotic
recombination and in V(D)J recombination are critical for genetic
diversity and for lymphogenesis [1,2].
Regardless of origin, DSBs are repaired by distinct pathways
that are conserved from yeast to humans. Since DSBs occur in the
context of chromatin, repair pathway choice is preceded by chro-
matin remodeling events that allow access to repair machineries
[3]. Homologous recombination (HR) requires the presence of an
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intact homologous donor sequence that is used as a template to
repair the chromosomal break. HR is initiated by 5′ to 3′ resection
of one DNA strand to generate a 3′-single-stranded segment that
searches for homology within the template duplex after associating
with Rad51. In contrast to HR, non-homologous end-joining (NHEJ)
is a process by which the broken DNA ends are joined directly with-
out the aid of an intact template. The classical NHEJ involves DNA
end-binding by the Ku70/Ku80 heterodimer that bridges DNA ends
and protects them from extensive resection. Ku forms a toroidal
structure that binds DNA by sliding a DSB end through its opening
and functions as a docking site for NHEJ repair factors [4–6]. In Sac-
charomyces cerevisiae, DSB ends are processed by MRX, consisting
of Mre11p, Rad50p, and Xrs2p, and DNA polymerase Pol4 to create
compatible, ligatable ends. After processing, ends are ligated by the
dedicated NHEJ ligase IV, composed of DNA ligase 4 (Dnl4p), Lif1p,
and Nej1p [7,8]. Overhang polarity makes a significant difference
in terms of factor recruitment and repair efficiency, with DSBs con-
taining 5′-overhangs repaired more efficiently than DSBs with 3′
overhangs, but with a greater probability of induced mutation [9].
The choice between HR and NHEJ is in large part determined by
the extent of DNA end resection, as extensive resection is inhibitory
to NHEJ and channels the lesion towards the HR repair path-
http://dx.doi.org/10.1016/j.dnarep.2017.03.002
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way. In yeast, end resection is initiated by the combined action
of the endonuclease Sae2p and the MRX  complex, followed by
more extensive resection by the helicase-nuclease complex that
contains Sgs1p, Top3p, Rmi1p, and Dna2p and by the exonuclease
Exo1p. The endonuclease activity of Mre11p, which is promoted by
Sae2p, nicks the 5′-terminated DNA strand in the vicinity of the DSB
end, following which its 3′ to 5′ exonuclease activity degrades the
DNA towards the DSB end. This generates a 3′-tailed substrate for
Sgs1p/Dna2p and/or Exo1p, which degrade the DNA in the oppo-
site direction to generate more extensive resection [10–12]. Ku
prevents the Exo1p- and Sgs1p/Dna2p-dependent resection [13].
An alternative end-joining (A-EJ) pathway has been described
and proposed to function as a “plan B”, both for classical NHEJ
and for HR, as it operates on DNA ends that cannot be processed
by the initially chosen repair pathway. This end joining activity is
independent of Ku and ligase IV and is unmasked in absence of
these factors [14]. This pathway, which is poorly characterized and
may  be comprised of multiple distinct mechanisms, is also referred
to as backup NHEJ or microhomology-mediated end-joining; it is
enhanced by microhomologies, suggesting that A-EJ is initiated by
DNA end resection, an inference supported by the involvement of
Sae2p (the equivalent of mammalian CtIP) and Mre11p [15–18].
Since Ku inhibits extensive end resection, it also inhibits A-EJ. A-EJ
is a highly error-prone process and often associated with deletions
at the repair junctions, and it may  contribute to genomic instability
such as chromosomal translocations [15,19].
We  have previously investigated the role of the yeast high
mobility group (HMGB) protein Hmo1p (Fig. 1A) in repair of a
genomic DSB. Absence of Hmo1p results in more efficient repair
by both HR and NHEJ, an effect that was attributed to a change in
chromatin remodeling events that precede repair, including faster
eviction of nucleosomes in the vicinity of the DSB combined with
faster DNA end resection [20–22]. The absence of Hmo1p also leads
to increased sensitivity of chromatin to digestion by micrococ-
cal nuclease, a sensitivity that is fully reversed when mammalian
histone H1 is expressed in hmo1 cells. These observations led
to the inference that Hmo1p has linker histone-like functions; it
stabilizes chromatin and it must be evicted along with core nucle-
osomes to enable DSB repair. Hmo1p occupancy across the yeast
genome is variable, ranging from below background levels to par-
ticular enrichment at sites such as rDNA and ribosomal protein
gene promoters [23]. In addition to its ability to stabilize con-
ventional nucleosome arrays, Hmo1p has also been reported to
stabilize nucleosome-free DNA and DNA regions characterized by
low nucleosome occupancy [22,24].
The reported role of Hmo1p in controlling resection raises the
possibility of its direct participation in repair pathway choice.
Using a plasmid end-joining assay as a read-out for end-joining
to separate roles of Hmo1p in the repair process from its effects
on chromatin structure, we report here that transformation of
an hmo1 strain with linear plasmid DNA with cohesive ends
results in significantly reduced transformation efficiency, suggest-
ing that Hmo1p promotes DNA end-joining. We  propose that
Hmo1p controls DNA resection, thereby favoring the more efficient
classical NHEJ over A-EJ. In absence of Ku, HMO1 deletion reduces
repair efficiency further, suggesting that excessive DNA resection
is inhibitory for A-EJ.
2. Materials and methods
2.1. Strain construction
DDY3 is isogenic to W303-1A. The DDY1299 derivative of DDY3 in
which HMO1 is deleted, strain HMO1-AB,  which encodes a truncated
version of Hmo1p deleted for its lysine-rich C-terminal extension,
and strain expressing Hmo1p-FLAG were previously described [25].
The gene encoding Ku80p was deleted by amplifying the URA3
marker with primers that include ∼80 nt of flanking sequence
homologous to the KU80 gene, followed by transformation of
either DDY3 or DDY3hmo1 haploid cells to generate ku and
kuhmo1,  respectively.
2.2. Yeast high efficiency transformation
Cells were grown in YPD (1% yeast extract, 2% peptone, 2% glu-
cose) at 30 ◦C with constant shaking to an optical density at 600 nm
of 0.8, and the pelleted cells were washed with 1X phosphate-
buffered saline (PBS) and resuspended in 1X Tris, EDTA, and lithium
acetate buffer (TEL) and were left on a nutator overnight at room
temperature. The next day cells were pelleted and resuspended in
100 l 1X TEL per 10 ml  culture and incubated at room tempera-
ture for 30 min. One hundred microliter of competent cells, 10 l
of carrier DNA (sheared salmon sperm DNA) and 1 g of plasmid
DNA was  mixed in a microcentrifuge tube and incubated for 30 min.
Seven hundred microliter of 40% polyethylene glycol (PEG) in 1X
TEL was added to each tube, mixed well, and incubated at room
temperature for 60 min  without shaking. Eightyeight microliter of
dimethyl sulfoxide (DMSO) was  added to each tube, mixed, and the
cells were subjected to heat shock at 42 ◦C for 45 min. The cells were
spun gently at 8000 rpm for 30 s, pellets were washed with 300 l
water, and cells were resuspended in 400 l water. Two  hundred
microliter was plated on SD drop out media lacking leucine; where
indicated, 0.5 mM caffeine was  included in the media.
2.3. Plasmid end-joining assay
Plasmid pMV1328 (LEU marker) [26] was  linearized by diges-
tion with NcoI (to generate cohesive ends with a four-nucleotide
5′-overhang), with AsiSI (to generate cohesive ends with a two-
nucleotide 3′-overhang), or with NruI (to generate blunt ends);
all enzymes cut within the KanMX6 coding sequence (that has
no homology with the yeast genome). Efficiency of digestion was
verified by agarose gel electrophoresis and DNA was  purified by
phenol-chloroform extraction and ethanol-precipitation. To verify
that undigested DNA did not contribute significantly to the mea-
sured repair accuracy, pMV1328 was also double-digested with the
blunt-cutters NcoI and SmaI to remove a segment of the KanMX6
gene such that ligation of the blunt-ended plasmid DNA cannot
restore resistance to G418. Both linearized and circular plasmids
were used to transform DDY3 (wild-type) and mutant cells. After
3–4 days incubation, at least 50 colonies were counted for each
transformation. Plasmid repair efficiency was calculated as the ratio
of the number of stable transformants obtained when cells were
transformed with linearized versus circular plasmid DNA. Data
were also normalized to the repair efficiency of wild type DDY3. To
calculate repair accuracy, Leu+ transformants were replica-plated
on YPD agar medium containing 0.3 mg/ml  G418 to select for
cells expressing an intact KanMX6 gene. To verify repair efficiency,
plasmids pRS416 (URA3 marker) and pRS414 (TRP marker) were
linearized with HindIII (to generate a four-nucleotide 5′-overhang)
and SacI (to generate a four-nucleotide 3′-overhang), respectively;
both enzymes cut within the vector backbone that has no homology
within the yeast genome. Yeast cells were transformed as described
above and plated on drop-out media selecting for the appropriate
marker.
All experiments were independently performed at least three
times. Error bars represent standard deviation. Two tailed student
t-test was used to calculate the P values.
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Fig. 1. Hmo1p promotes efficient repair of DSBs with cohesive ends. (A) Domain organization of Hmo1p. Box A and Box B identified in orange; HMO1-AB encodes protein
truncated for the lysine-rich C-terminal extension (blue [37]). (B) Absolute repair efficiency in wild-type DDY3 (stable transformants obtained with linear compared to
circular  DNA). Plasmid pMV1328 was linearized with NcoI, which creates a 5′-overhang, with AsiSI to create a 3′-overhang, with NruI to produce blunt ends, or with both
NruI  and SmaI to excise part of KanMX6 (Blunt2x). (C) Absolute repair accuracy corresponding to efficiency reported in panel (B); repair accuracy was determined by replica-
plating  on G418. (D)–(E) Normalized repair efficiency (solid bars) and accuracy (striped bars) of NcoI-linearized plasmid. Efficiency and accuracy for hmo1 (red bars) and
HMO1-AB (orange bars) was normalized to values determined for wild-type (blue bars). (F)-(G) Normalized repair efficiency and accuracy of AsiSI-linearized plasmid. (H)-(I)
Normalized repair efficiency and accuracy of NruI-linearized plasmid. Three independent experiments were performed. Error bars represent standard deviation. Asterisks
indicate a significant difference from wild type (P < 0.05).
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2.4. DNA end resection
To induce genomic DSB, the galactose-inducible HO endonucle-
ase gene was furnished on a centromeric plasmid (URA3 or TRP
marker) and transformed in DDY3 or mutant cells. Cells were grown
in SD drop out media at 30 ◦C to an OD600 of 1.0; where indicated,
caffeine was included at a final concentration of 0.5 mM.  DSB was
induced by addition of 2% galactose. Cells were harvested after DSB
induction times of 20 min, 1 h, 2 h, 3 h and 4 h. Genomic DNA was
extracted by vortexing cells with glass beads and phenol. Twenty
microliters of genomic DNA sample (60 ng in 1X NEB Exonucle-
ase I buffer) was digested with 20 units of E. coli exonuclease I at
37 ◦C overnight. The level of DNA resection adjacent to the spe-
cific DSB was measured by qPCR using primers annealing 1.6 kb or
3.1 kb upstream of the DSB [20]. All cycle threshold (Ct) values were
normalized to values for an independent locus on chromosome 5
(POL5); a higher Ct reflects a less abundant template. The assay was
repeated three times and average and standard deviations (SD) are
reported.
2.5. Gene expression
Expression of genes encoding DNA repair or DNA damage
response factors Sae2p, Dna2p, and Rnr3p was analyzed using qRT-
PCR using primer pairs Sae2F 5′-AGCAGAGGTTCACTATCGTAATG-3′
and Sae2R 5′-CAGAGCAATCTTCCAAATCGC-3′, Dna2F
5′-TGAGAAACGCAAGAGTGAGAG-3′ and Dna2R
5′-CCTGTTTTGGCTTGATTGTCTAC-3′, and RNR3F
5′-CAAAGAGCCCGTTCAATTC-3′ and RNR3R 5′-
TAACACCGGAGTACACACCAG-3′, respectively. Cells were grown at
30 ◦C to an OD600 of ∼0.8; where indicated, caffeine was added at
a final concentration of 0.5 mM.  One ml  culture was removed to
extract RNA; cells were mixed with ice-cold diethylpyrocarbonate
(DEPC)-treated water, centrifuged, and the pellet was  frozen at
−80 ◦C. Total RNA was isolated using the illustra RNAspin Mini
Isolation kit (GE Healthcare) and DNA contamination was removed
using Turbo DNase (Ambion); absence of DNA was  verified by
PCR and RNA was quantified using NanoDrop. The cDNA was
prepared using 500 ng total RNA in 1X AMV  reverse transcriptase
buffer with 1 mM MgCl2, 1 mM dNTP, and 10 units of AMV  reverse
transcriptase (New England BioLabs) in a total reaction volume
of 25 l. The mixture was incubated at 42 ◦C for 1 h. A ViiATM 7
(Applied Biosystems) was  used for qPCR using Taq polymerase
(New England BioLabs) for amplification and SYBR Green I (Sigma)
for detection. For analysis, IPP1 (encoding inorganic pyrophos-
phatase) was used as a reference gene, and expression of target
genes was normalized to expression levels measured in each strain
prior to induction of DSB. Each experiment was repeated three
times and average and standard deviations (SD) are reported.
3. Results
3.1. Absence of Hmo1p results in reduced repair efficiency and
accuracy
To separate the roles of Hmo1p in chromatin remodeling from
its roles in NHEJ, we used the plasmid end-joining assay. A DSB
was introduced in plasmid pMV1328 using NcoI, which cuts the
KanMX6 coding sequence to create a 5′-overhang, AsiSI, which gen-
erates a 3′-overhang, or NruI, which produces a blunt cut [26].
Since the KanMX6 sequence has no homologous sequence within
the yeast genome with which to initiate repair by HR, the DSB
in the plasmid DNA must be repaired by NHEJ to allow cells to
survive in the selection media. Repair efficiency was quantified
as the number of Leu+ transformants relative to transformation
with supercoiled plasmid DNA (Fig. 1B). While repair efficiency
of DNA with 3′- or 5′-overhangs was  similar (∼80-85%), the assay
reflected the expected low efficiency of repair of DNA with blunt
ends. To quantify the proportion of mutagenic ligation events,
Leu+ transformants obtained on repair of linearized pMV1328 were
replica-plated on G418 plates. Since the cuts were introduced in
the coding region of KanMX6, a functional gene and hence G418
resistance will be inherited only if the end-joining is accurate.
For all DNA repair events, accuracy was ∼70–80% (Fig. 1C). When
pMV1328 was  double-digested with two blunt-cutters that remove
a segment of KanMX6, repair efficiency was  similar to that obtained
for repair of DNA with a single cut (14%), whereas no G418-resistant
colonies were observed (Blunt2x).
Compared to wild-type DDY3, the hmo1 mutant exhibited sig-
nificantly reduced repair efficiency for repair of DNA with either 5′-
or 3′-overhangs (Fig. 1D,F; showing repair efficiency normalized
to that observed in DDY3). By contrast, there was no signifi-
cant reduction in repair efficiency in cells deleted for HMO1 for
repair of a blunt-ended DSB (Fig. 1H). Similarly, transformation of
hmo1 with plasmids pRS416 or pRS414 linearized with HindIII
(to generate a four-nucleotide 5′-overhang) and SacI (to generate a
four-nucleotide 3′-overhang), respectively, yielded a significantly
reduced repair efficiency compared to wild-type (data not shown).
These data suggest that Hmo1p promotes efficient NHEJ, but only
for repair of DNA with protruding ends. The hmo1 strain also
repaired DSBs with cohesive ends less accurately compared to
wild-type, whereas accuracy of repair of blunt-ended DNA was
unaffected by deletion of Hmo1p (Fig. 1E,G,I).
3.2. Requirement of the Hmo1p lysine-rich C-terminal tail for
efficient NHEJ
Hmo1p has two DNA binding domains, box A and box B, and
a lysine-rich C-terminal tail (Fig. 1A). This C-terminal extension is
indispensable for DNA bending and for stabilizing chromatin struc-
ture, and it is required for bridging of DNA ends [20,27,28]. To
test if the Hmo1p C-terminal tail is required for efficient NHEJ, we
used strain HMO1-AB,  which encodes a truncated version of Hmo1p
deleted for its lysine-rich C-terminal extension. Repair of DSBs in
HMO1-AB mimicked the repair phenotype characteristic of hmo1,
with cohesive end repair being less efficient in HMO1-AB than in
wild-type cells (Fig. 1D,F). Similarly, repair accuracy was lower in
HMO1-AB compared to wild-type for repair of DNA with protrud-
ing ends (Fig. 1E,G). This suggests that the C-terminal domain of
Hmo1p is required for efficient NHEJ and for fidelity.
3.3. Ku and Hmo1p function in different repair pathways
Ku participates in classical NHEJ repair of DNA  with overhangs
whereas repair of DNA with blunt ends does not depend on Ku
[26,29,30]. Consistent with expectations, we found that deletion
of Ku significantly reduced NHEJ repair of DNA with 5′-overhangs,
but not of DNA with blunt ends (Fig. 2A,C). Repair in the absence
of Ku of DNA with protruding ends is a result of error prone A-EJ,
and we  observed the expected low accuracy of repair in ku cells
(Fig. 2B). In a ku80 background, inactivation of HMO1 resulted in
a further reduction in efficiency of repair of DNA with cohesive
ends (Fig. 2A). Notably, this suggests that Ku and Hmo1p func-
tion in separate repair pathways. Repair accuracy in kuhmo1
cells was  extremely low, with very few colonies observed upon
replica-plating on G418. By contrast, repair efficiency and accuracy
in kuhmo1 and ku cells was  similar to wild-type for DNA with
blunt ends (Fig. 2C–D).
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Fig. 2. Hmo1p and Ku function in separate pathways for repair of DSBs with cohesive ends. (A)–(B) Normalized repair efficiency (solid bars) and accuracy (striped bars) of
DNA  with 5′-overhangs. Repair accuracy was  determined by replica-plating on G418. Efficiency and accuracy for ku (green bars) and kuhmo1 (grey bars) was  normalized
to  values determined for wild-type (blue bars). Too few colonies were seen upon replica-plating kuhmo1 cells on G418 to allow a meaningful estimate of repair accuracy.
(C)–(D)  Normalized repair efficiency and accuracy for repair of DNA with blunt ends. Three independent experiments were performed. Error bars represent standard deviation.
Asterisks indicate a significant difference from wild type (P < 0.05).
3.4. Hmo1p controls caffeine-sensitive resection
Caffeine has been reported to reduce DNA end resection by
inducing degradation of Sae2p and rapid turnover of Dna2p [31].
Since the absence of Hmo1p results in increased DNA resection at a
chromosomal DSB in vivo [20], we wondered if excessive resection
might be the cause of reduced NHEJ repair efficiency in hmo1.
To address this, we performed the plasmid end joining assay by
using NcoI to generate a DSB with 5′-overhangs in pMV1328 and
selected transformants on agar plates lacking leucine and contain-
ing 0.5 mM caffeine; this caffeine concentration was previously
shown to inhibit resection, yet it is much lower than the concen-
tration required to inhibit checkpoint kinases [31]. In the presence
of caffeine, the reduced repair efficiency of hmo1 was restored to
the level observed in wild-type cells (Fig. 3A; compare solid and
striped red bars). Similarly, caffeine restored the repair efficiency
of kuhmo1 cells to the levels observed in ku.  In wild-type
DDY3, caffeine also increased relative repair efficiency (resulting
in ∼100% absolute efficiency compared to the efficiency for DDY3
not plated with caffeine (Fig. 1B); compare solid and striped blue
bars). No effect of caffeine was observed when cells repaired blunt
ended DSBs, whether or not cells were deleted for KU80 and HMO1
(Fig. 3B). Evidently, addition of caffeine enhances repair of DNA
with 5′-overhangs, but not of DNA with blunt ends.
To verify that caffeine can reverse the increased DNA resection
phenotype of hmo1, we  analyzed DNA end resection following
induction of a DSB in vivo in the presence of caffeine. DSB was
induced by HO endonuclease, which generates 3′-overhangs. Fol-
lowing incubation of genomic DNA with exonuclease to digest the
single-stranded overhangs produced after DNA resection, qPCR was
performed to measure levels of residual (i.e., not resected) DNA
template and the Ct values were normalized to that for the ref-
erence site (POL5); in this assay, higher levels of resection are
associated with less abundant template and therefore a greater
Ct value. The gradual disappearance of template was also verified
by agarose gel electrophoresis; for example, resection was visually
detected 1.6 kb upstream of the DSB in wild-type DDY3 3–4 h after
DSB induction, with faster loss of template observed in hmo1,
reflecting more efficient resection (Fig. 3D). Quantitation of residual
template verified the loss of template after DSB induction in DDY3
(Fig. 3C). Deletion of either HMO1 or KU80 resulted in more efficient
resection compared to wild-type cells, and simultaneous deletion
of both HMO1 and KU80 yielded modestly greater levels of resection
compared to deletion of either gene alone. When measuring resec-
tion further from the break site (3.1 kb upstream), a similar pattern
was observed with lower levels of resection in wildtype and in ku
and hmo1 strains compared to closer to the break site, whereas
resection in kuhmo1 cells was significantly more efficient com-
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Fig. 3. Rescue of hmo1 repair phenotype by caffeine. (A) Normalized repair efficiency of DNA with 5′-ends. Solid bars (DDY3, hmo1, and ku)  represent repair efficiency
in  absence of caffeine. Striped bars (DDY3, hmo1, and kuhmo1 marked with +C above each bar) represent repair efficiency in presence of 0.5 mM caffeine. Asterisks
indicate a significant difference from wild type (P < 0.05). (B) Normalized repair efficiency of DNA with blunt ends. Striped bars marked +C represent repair efficiency in
presence of 0.5 mM caffeine. (C) Quantification of DNA resection by qPCR. PCR products were amplified after exonuclease digestion of genomic DNA isolated at the indicated
times  following DSB induction using primers that anneal 1.6 kb upstream of the DSB. All values were normalized to that for an independent locus (POL5). Greater Ct values
reflect reduced template (more resection). DDY3, blue line; ku,  green; hmo1,  red; kuhmo1,  grey. (D) Agarose gels illustrating levels of DNA end resection measured
1.6  kb upstream of the DSB site in wild-type DDY3 and hmo1 cells at the indicated times following DSB induction. Gels were stained with ethidium bromide. Amplification
of  POL5 served as reference. (E) Quantification of DNA resection by qPCR using primers that anneal 3.1 kb upstream of the DSB. All values were normalized to that for an
independent locus (POL5). Color code as in panel (C). (F) Quantification of DNA resection by qPCR using primers that anneal 1.6 kb upstream of the DSB in absence (solid lines)
or  presence of 0.5 mM caffeine (dashed lines). Color code as in panel (C). Three independent experiments were performed. Error bars represent standard deviation.
pared to cells deleted for a single gene (Fig. 3E). This indicates that
Hmo1p and Ku function to limit DNA end resection with compa-
rable efficiency and that simultaneous deletion of both proteins
results in an additive effect and even more extensive resection.
In the presence of caffeine, the kinetics of DNA resection were
reduced. In wild-type cells, caffeine caused significantly reduced
resection after prolonged DSB induction (4 h; Fig. 3F; compare solid
and dashed blue lines). By comparison, caffeine reduced resection
in hmo1 to the level observed in wild-type cells, even when mea-
sured shortly after DSB induction (Fig. 3F; compare solid and dashed
red lines). While caffeine also reduced resection in kuhmo1
cells, the level of resection was still greater than that observed
in wild-type cells (dashed grey line). This suggests that Hmo1p
reduces an aspect of DNA end resection that is sensitive to caffeine;
in contrast, the elevated levels of DNA resection in kuhmo1 cells
was not fully restored to wild-type levels on addition of caffeine,
likely reflecting that absence of Ku facilitates a caffeine-insensitive
DNA resection process.
The initiation of resection requires the MRX  complex and
Sae2p, whereas more extensive resection depends on Exo1 and
the concerted action of Dna2p and Sgs1p; both Sae2p and Dna2p
accumulate after induction of a DSB, and this accumulation is not
observed in presence of caffeine [31]. To determine if the effect
of Hmo1p on DNA end resection was due to altered expression of
either SAE2 or DNA2,  we  performed qRT-PCR before and after DSB
induction. No difference in expression of either gene was  observed
in hmo1 cells (Fig. 4A–B).
The cellular response to DNA damage includes a block of pro-
gression through the cell cycle to allow sufficient time for repair
and induction of genes involved in DNA repair. One  of the genes
that are induced by DNA damage is RNR3, which encodes a large
subunit of ribonucleotide reductase (RNR) that catalyzes the rate-
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Fig. 4. Deletion of HMO1 does not affect induction of genes involved in DNA resection or the DNA damage response. (A) Induction of SAE2 measured by qRT-PCR before DSB
induction and at the indicated times after DSB induction (addition of galactose). Expression of IPP1 was used as reference, and expression was  normalized to the expression
measured before DSB induction (0 h). Wild-type DDY3, blue bars; hmo1, red bars. (B) Induction of DNA2 measured by qRT-PCR before DSB induction and at the indicated
times  after DSB induction (addition of galactose). Expression of IPP1 was used as reference, and expression was normalized to the expression measured before DSB induction
(0  h). Wild-type DDY3, blue bars; hmo1, red bars. (C)-(D) Induction of RNR3 measured by qRT-PCR before DSB induction and at the indicated times after DSB induction
(addition of galactose). Expression of IPP1 was  used as reference, and expression was normalized to the expression measured before DSB induction (0 h) in absence of caffeine
(panel  (C)) or in presence of 0.5 mM caffeine (panel (D)). Wild-type DDY3, blue bars; hmo1, red bars. Three independent experiments were performed. Error bars represent
standard deviation.
limiting step in synthesis of dNTPs [32,33]. A series of events that
includes recruitment of the checkpoint kinases Mec1p and Tel1p
to the DSB propagate the DNA damage signal, ultimately result-
ing in events such as prevention of mitosis and upregulation of
RNR3 [34]. It was previously reported that caffeine inhibits DNA
end resection, independent of its inhibition of checkpoint kinases
[31]. To verify that concentrations of caffeine used for inhibition of
resection do not interfere with checkpoint signaling, we measured
induction of RNR3 in absence and presence of 0.5 mM caffeine. No
significant attenuation of RNR3 induction was observed in presence
of this concentration of caffeine, nor was RNR3 induction affected
by deletion of HMO1 (Fig. 4C–D).
4. Discussion
4.1. Hmo1p promotes end-joining of DSBs with cohesive ends
The direct sealing of broken DNA ends is primarily achieved by
classical NHEJ. However, in absence of critical NHEJ components
such as Ku, cells resort to A-EJ, which is initiated by DNA end resec-
tion to use micro-homologies of <15 nucleotides [15,19]. In the
context of a nucleosomal array, Hmo1p stabilizes chromatin, which
slows chromatin remodeling, perhaps to protect the compromised
DNA and ensure optimal timing of repair factor recruitment to the
break site. The data reported here suggest that Hmo1p, which in
many contexts associates with nucleosome-free DNA, in addition
promotes end-joining of DNA with cohesive ends. Since deletion
of HMO1 leads to reduced repair efficiency and accuracy in pres-
ence of Ku (Fig. 1D–E), and since classical NHEJ is predominant in
presence of Ku, our data suggest that absence of Hmo1p directs a
significant proportion of repair events to less efficient and more
error-prone A-EJ pathways. Since both repair efficiency and accu-
racy of kuhmo1 cells is much lower than that observed on
deletion of either gene alone (Figs. Fig. 11D–E and Fig.22A–B), we
also infer that absence of Hmo1p compromises the A-EJ repair that
would be the repair pathway of choice when classical NHEJ is not
an option.
DSBs increase the occurrence of chromosomal translocations if
they are repaired by microhomology-dependent A-EJ and micro-
homologies are present distant from the break site [19]. DSBs
therefore have high mutagenic potential. Even a two-fold reduc-
tion in repair efficiency as observed in absence of Hmo1p (Fig. 1)
is therefore likely to be physiologically relevant, particularly as it
is associated with reduced accuracy, which we  infer to reflect a
contribution from A-EJ to the overall repair efficiency.
4.2. Hmo1p controls an aspect of DNA end resection that is
sensitive to caffeine
Our data suggest that the mechanism by which Hmo1p sup-
presses A-EJ repair of DNA with cohesive ends is by controlling
DNA end resection. The first step in resection is executed by MRX
and Sae2p, which create a short 3′-tailed substrate for more exten-
sive 5′ to 3′ resection by two  parallel pathways that depend on
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Exo1p or the helicase/nuclease complex that contains Sgs1p and
Dna2p. MRX-Sae2p has also been implicated in recruiting both
Exo1p and Sgs1p/Dna2p and in stimulating their activity [7,10,13].
While Ku-binding to DSB ends inhibits the Exo1- and Sgs1p/Dna2p-
dependent processing in absence of MRX, absence of Ku bypasses
the requirement for initiation of resection by MRX  and permits
direct processing by Exo1p and Sgs1p/Dna2p [13]. Loss of end-
protection by Ku therefore results in excessive end-processing,
even in absence of MRX. Consistent with this expectation, we
observe increased resection in ku cells (Fig. 3C,D).
At a genomic DSB, absence of Hmo1p also results in increased
DNA end resection, whereas deletion of both Ku and Hmo1p is addi-
tive and leads to a further increase in resection beyond that seen
on deletion of either protein alone (Fig. 3C–F). The hmo1 repair
phenotype is rescued by caffeine; in contrast, addition of caffeine
only attenuates resection in kuhmo1 cells, but does not com-
pletely restore levels of resection to that observed in wild-type
cells (Fig. 3F). Caffeine promotes the proteasomal degradation of
Sae2p and Dna2p, but does not change levels of Exo1p [31]. Since
Ku interferes with resection by Exo1p and Sgs1p/Dna2p [13,35], an
interpretation that is consistent with the observation that resection
remains elevated in caffeine-treated kuhmo1 cells is therefore
that Exo1p-mediated processing is primarily responsible for the
increased resection. By extension, is it conceivable that Hmo1p
interferes only with processes that require the caffeine-sensitive
Sae2p and/or Dna2p. Since MRX-Sae2p initiates resection, we favor
the interpretation that Hmo1p suppresses this step, since initia-
tion of resection by MRX-Sae2p should allow further resection by
both Sgs1p/Dna2p and the caffeine-insensitive Exo1p. Regardless
of specific target, our data show that Hmo1p suppresses DNA end
resection; a functional consequence of this would be that repairs
are directed towards the more accurate NHEJ. This interpretation
is supported by the observation that repair efficiency and accuracy
is compromised in hmo1 cells (Fig. 1). We  propose that excessive
resection in hmo1 interferes with classical NHEJ by producing a
tailed substrate (created by MRX/Sae2p) with lower affinity for Ku
but higher affinity for Exo1p and/or Sgs1p/Dna2p, reducing classi-
cal NHEJ repair efficiency and forcing cells to repair by A-EJ. This
interpretation is consistent with reports that deletion of SAE2 pro-
motes NHEJ [36].
We  also note that repair efficiency is lower in kuhmo1 than
in ku for repair of DSBs with 5′-overhangs. Since ku cells repair
DSBs by A-EJ, an implication of this observation is that Hmo1p func-
tions in A-EJ, most likely by ensuring optimal levels of resection.
Since caffeine restores repair efficiency to levels observed in ku,
our data also suggest that the extensive resection that is charac-
teristic of the kuhmo1 double mutant (Fig. 3) is inhibitory to
A-EJ.
Neither Ku, nor Hmo1p are required for repair of DSBs with blunt
ends. We  also saw no effect of caffeine on the efficiency of DNA
repair, which suggests that Sae2p/Dna2p are not involved. Since
deletion of HMO1 or addition of caffeine had no effect on efficiency
of repair of blunt-ended substrates, our interpretation is that DNA
resection (at least the component that is controlled by Hmo1p and
inhibited by caffeine) is not required. Thus, we infer that Hmo1p
suppresses A-EJ repair of DNA with protruding ends only. Indeed,
A-EJ is likely comprised of multiple mechanisms that may  for
example depend on the length and position of microhomologies
[19].
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